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By Gi lber t  G.  Robinson ir and Norman S. Johnso L 

Thie paper describe6 a 

Center w i l l  conduct research on zero-zero landing s y s t e m .  

which w i l l  be remodeled f o r  t h i s  purpose i s  a Convair 340. 

The a i r c r a f t  

It will be 
v 

used t o  evaluate ,  under a c t u a l  f l i g h t  condi t ions,  advanced s ta te -of - the-  

art pos i t i on  sensors and display devices. The system with which t h i s  

aircraft will be landed under zero v i s i b i l i t y  conditions has been designed 

s p e c i f i c a l l y  f o r  research t a sks  on zero-zero landing, and has: 

The f l e x i b i l i t y  necessary f o r  research i n  t h i s  area; 

The pos i t ion  sensing equipment needed t o  check out pos i t i on  

(1) 

(2) 

sensors f o r  a i rborne  zero-zero landing systems. @d7zb/dLf 

INTRODUCTION 

One form of a zero-zero landing system which has  been proposed i s  

a i rbo rne  and requi res  minimum ground support equipment. This  concept 

sllows t h e  use of smaller landing f i e l d s  which cannot support l a rge  

e l abora t e  IIS i n s t a l l a t i o n s  and p a r t i c u l a r l y  bene f i t s  t h e  short-haul  

cargo t r anspor t  operation and commuter a i r c r a f t  p resent ly  confined t o  

VFR landings at a i r p o r t s  w i t h  l imited f a c i l i t i e s .  It would a l s o  have 

s p e c i f i c  appl ica t ions  f o r  mili tary t ransport  a i r c r a f t  which have t o  

land at remote airfields under all-weather landing condi t ions.  

L' 
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The i n t e r e s t  at  Ames Research Center i n  systems f o r  zero-zero 

landing grew out of simulation s tud ie s  on a d isp lay  f o r  landing a man- 

ua l ly  p i l o t e d  a i r c r a f t  under zero-zero v i s i b i l i t y  conditions.  I n  these  

s t u d i e s ,  which were d i r ec t ed  toward STOL a i r c r a f t ,  t h e  p i l o t  w a s  an  

i n t e g r a l  p a r t  of t h e  con t ro l  loop. A display w i t h  which t h e  p i l o t  could 

land  t h e  a i r c r a f t  i n  a simulated environment was conceived. The r e s u l t s  

of t h e  study were repor ted  i n  reference 1. 

The simulation of zero-zero landing was based on extensive experience 

at Ames i n  matching simulated and real-world environments t o  achieve a 

use fu l  r e s u l t .  Th i s  was done by carefu l ly  examining those f a c t o r s  impor- 

t a n t  i n  t h e  real environment which a r e  requi red  for accura te  VFR landings,  

and ex t rapola t ing  t o  generate a display which enables zero-zero landing t o  

be e f f ec t ed  i n  exac t ly  t h e  same manner as t h e  VFR landing. It was  de t e r -  

mined t h a t  it i s  poss ib le  t o  rep lace  the  p i l o t ' s  view of t h e  ou ts ide  world 

i n  a way t o  provide him with information s u f f i c i e n t l y  similar t o  VFR t h a t  

h i s  decisions i n  zero-zero landing a r e  compatible with VFR conditions.  A 

simulator study was c a r r i e d  out as i l l u s t r a t e d  i n  f igu re  1. 

t h e  d isp lay  were obtained from an analog simulation of landing. 

t o  t h e  analog simulation were from t h e  p i l o t ' s  v i s u a l  i n t e r p r e t a t i o n  of 

t h e  d isp lay .  The d isp lay  developed i n  t h e  simulation s tud ie s  i s  shown i n  

f i g u r e  1. Based on opinions of t e s t  p i l o t s  who have flown t h e  simulator,  

it was concluded t h a t  it i s  poss ib le  t o  land an a c t u a l  a i r c r a f t  under zero- 

zero conditions w i t h  t h i s  d i sp lay .  T h i s  first phase of t h e  study ( repor ted  

i n  ref. 1) was c a r r i e d  out without concern f o r  t h e  system t h a t  generated t h e  

The inputs  t o  

The inputs  
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display.  This  was poss ib le  because i n  a simulation study t h e  quan t i t i e s  

requi red  t o  generate a display a r e  computed, and it is  not necessary t o  

specify system components. 

The study of an airborne zero-zero landing system should t ake  i n t o  

account t he  components which sense the  pos i t ion  of t h e  a i r c r a f t  and should 

convey t h i s  information t o  t h e  p i l o t .  These components a r e  t h e  sensing, 

computing, and display elements. The over -a l l  system requirements and 

accuracy f igu res  can be estimated from t h e  previously mentioned simulation 

study, and from Ames engineering test p i l o t  experience i n  VFR and IIS 

landings.  

display and t h e  physical  quan t i t i e s  defining t h e  a i r c r a f t  pos i t ion  from 

which t h e  inputs  t o  t h e  display were computed. 

s tud ies  it appears worthwhile t o  obtain information t h a t  can be used by 

designers of systems which ( f i g .  2 ) :  

The simulator study also defined a method of generating t h e  

Gn t h e  bas i s  of t hese  

(1) 

( 2 )  

Permit zero-zero landing w i t h  minimum ground equipment; 

Use displays of t h e  types derived i n  t h e  simulation s tud ie s  

and discussed i n  references 1, 2, and 3. 

The r e s u l t s  of t h e  simulation study made at, Ames on a display f o r  

zero-zero landing serves as a s t a r t i n g  point  fo r  studying system concepts 

f o r  landing an a c t u a l  a i r c r a f t .  

t h e  system requirements, t h e  simulation study indica ted  the  following 

accuracy l i m i t s  f o r  a i r c r a f t  posi t ion ( f i g .  3 ) :  

i:: r x g e  zt tmr.hdowz ( t h i s  i s  allowed t o  increase t o  10 percent of t h e  

t o t a l  range when t h e  range i s  greater  than 50CO f e e t ) ;  an accuracy of 

k25 feet i n  lateral  displacement at touchdown ( t h i s  i s  allowed t o  increase 

t o  1 percent of t he  s l a n t  range from tauchdmn when t h e  range value i s  

I n  sddi t ion  t c  defining t h e  display and 

a n  accuracy of 2 5 0 ~  feet 



-4 - 

grea te r  than 2500 f e e t ) ;  &n accuracy of +5 feet i n  a l t i t u d e .  

cons is ten t  w i t h  a g l i d e  s lope of 0.5' during f i n a l  approach, and a range 

e r r o r  of 500 feet. T h i s  e r r o r  i s  allowed t o  increase t o  1 percent of t h e  

t o t a l  a l t i t u d e  when t h i s  a l t i t u d e  i s  grea te r  than 500 f e e t .  

It appears t h a t  t o  ca r ry  these  s tudies  fu r the r ,  it i s  e s s e n t i a l  t o  

This i s  

rep lace  t h e  simulated environment w i t h  a c t u a l  f l i g h t  condi t ions.  The 

remainder of t h i s  paper w i l l  descr ibe t h e  f ly ing  laboratory which w i l l  be 

used t o  continue t h e  Ames s tud ie s  of zero-zero landing. 

DESCRIPTION OF T H E  ZERO-ZERO LANDING LABORATORY 

From simulation s tud ie s  it has been determined t h a t  i n  a f ly ing  

laboratory f o r  studying zero-zero landing t h e  following should be con- 

s idered  ( f i g .  4) : 

(1) A device for measuring accurately t h e  pos i t i on  of t h e  

a i r c r a f t  r e l a t i v e  t o  t h e  landing s t r ip;  

(2)  

(3)  A computer which, from t h e  information obtained by t h e  

A device for measuring t h e  a t t i t u d e  of t h e  a i r c r a f t ;  

equipment out l ined  i n  (1) and ( 2 ) ,  can compute the  pos i t i on  

of t h e  runway and shape t h e  f igures  requi red  for  t h e  display; 

(4)  

(5) 

A device t o  generate  t h e  f igures  f o r  t h e  display;  

A display t o  convey information on a i r c r a f t  pos i t i on  and 

a t t i t u d e  t o  t h e  p i l o t ;  

( 6 )  

(7)  

The p i l o t ,  who i s  an in t eg ra l  pa r t  of t h e  con t ro l  loop; 

The a i r c r a f t ,  which w i l l  be an STOL configurat ion.  
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The following in t e r f aces  must receive c lose  consideration t o  assure 

compatibil i ty of t h e  components i n t o  a workable system: 

(1) The i n t e r f a c e  between t h e  pos i t ion  and a t t i t u d e  sensing 

equipment and t h e  computer; 

(2) The i n t e r f a c e  between t h e  computer and t h e  d isp lay  t o  t h e  

p i l o t .  

The f irst  phase of t h e  research  study w i l l  be an evaluation of t h e  

system independent of p i l o t  opinion. It i s  extremely important t o  de t e r -  

mine which p i l o t  opinions stem from improper performance, which are 

important t o  consider i n  system parameter changes, and which ind ica t e  

d i f f e rences  between t h e  a c t u a l  and simulated system performance. During 

t h e  inves t iga t ions ,  t h e  cor rec tness  of t h e  inputs  t o  t h e  d isp lay  will be 

ve r i f i ed .  Thus, i f  t h e  p i l o t  f i n d s  t h e  system performance i~ unsa t i s -  

f ac to ry ,  t h e  reason can be determined; t ha t  i s ,  whether it i s  due t o  

e r r o r  i n  runway pos i t i on  computation, of i f  some parameter o r  concept 

change i s  requi red .  A more d e t a i l e d  block diagram of t h e  landing system 

i s  shown i n  f i g u r e  5. T h i s  diagram breaks t h e  system down i n t o  i t s  

component p a r t s .  After c a r e f u l  consideration of e x i s t i n g  sensors,  

Distance Measuring Equipment (DME) was chosen t o  obta in  a i r c r a f t  pos i -  

t i o n ,  The systems considered were radar ,  Distance and A n g l e  Measuring 

Equipment (DAME), two-station DME: with  radar a l t ime te r ,  and th ree - s t a t ion  

E?.%. 

S ince  r ada r  and DAME measure pos i t ion  i n  polar  coordinates,  a small 

e r r o r  i n  t h e  measured angle can be compounded a t  a d i s t ance  t o  g ive  a 
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l a rge  e r r o r  i n  s p a t i a l  pos i t ion ,  even though the  d is tance  is  accurately 

measured. The DAME i s  much more accurate s ince  t h e  angle i s  resolved by 

an  interferometer  technique. However, t h i s  i s  a l s o  a disadvantage because 

t h e  long base l ine  needed between interferometer antennas makes t h e  system 

bulky and d i f f i c u l t  t o  implement. 

s e l ec t ed  follow: 

Additional reasons radar  was not 

(1) Since it i s  a pulsed device, t h e  minimum range r e so lu t ion  does 

not meet t h e  requirements of zero-zero landing; 

(2) A t  c lo se  range (where t h e  most accura te  measurements are 

required)  multipath r e f l ec t ions  become extremely c r i t i c a l ;  

( 3 )  

Two DME configurat ions a r e  f eas ib l e  f o r  zero-zero landing: 

(1) 

(2 )  Three-s ta t ion DME, switching t o  two-stat ion DME and radar  

A l a rge  ground i n s t a l l a t i o n  is  usual ly  necessary. 

Two-station DME and radar  a l t imeter ;  

altimeter at c lose  ranges. 

The f irst  approach, t h e  two-station DME and radar  altimeter 

combinat ion,  provides t h e  g rea t e s t  inherent accuracy i n  determining 

pos i t i on  at touchdown. However, t h i s  information i s  only accurate  

over f l a t  t e r r a i n .  For a general  research program t h e  t e r r a i n  f o r  a 

known approach pa th  could be programmed i n t o  t h e  computer t o  cor rec t  

t h e  measured a l t i t u d e .  T h i s  system i s  considered pr imari ly  because 

of t h e  sa-izg m d  csnvenience w h i c h  would be achieved i f  one of t h e  

DME ground transponders were eliminated. 
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The second approach, a combination of t h e  three-station CaVlE and 

a radar altimeter, increases t h e  accuracy i n  measuring pos i t i on  over 

rough terrain by using t h e  ranges t o  t h e  three ME transponders t o  

compute a l t i t u d e  i n  add i t ion  t o  t h e  ground pos i t i on  of t h e  a i r c r a f t .  

Close t o  touchdown, where t h e  measurement of a l t i t u d e  de t e r io ra t e s ,  

t h e  system switches over t o  t h e  two-station CklE and radar altimeter. 

The a t t i t u d e  of t h e  a i r c r a f t  a f f e c t s  t h e  d isp lay  d i r e c t l y  and is  

not an input f o r  t h e  pos i t i on  computation of t h e  a i r c r a f t  with respec t  

t o  t h e  runway. Since t h e  display concept i s  s i m i l a r  t o  VFR, t h e  

a t t i t u d e  accuracy requi red  i s  similar t o  t h e  v i s u a l  accuracy with which 

t h e  p i l o t  can sense a t t i t u d e  i n  a normal landing approach. 

i nd ica t ion  of t h e  accuracy requirements i s  t h e  allowable e r ro r s  i n  

a t t i t u d e  at touchdam. 

touchdown e r r o r s  of approximately 6 inches. 

a t t i t u d e  accuracy requirements ind ica tes  tha t ,  i n  general ,  t h e  e l ec -  

t r i c a l  p ickoffs  of a s tandard a i r c r a f t  au top i lo t  and t h e  accuracies  

of i t s  gyros are s u f f i c i e n t l y  good for  t h e  a i r c r a f t  a t t i t u d e  information. 

Another 

At t i tude  errors of 1' are assoc ia ted  with 

Therefore, ana lys i s  of 

The output of t h e  pos i t i on  measuring and a t t i t u d e  sensors go t o  

a computer which computes t h e  runway pos i t i on  and a t t i t u d e  with respec t  

t o  t h e  aircraft. This information then goes t o  t h e  display generator  

where it generates  a runway d isp lay  image which i s  projected d i r e c t l y  

i n  f r o n t  of t h e  p i l o t .  

real runway as seen through t h e  windshield. 

This runway image benaves i d e n i i c a i l y  t o  the  
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A d i g i t a l  computer w i l l  be used i n  t h e  research program because it 

can perform logic  operations r ead i ly ,  can be e a s i l y  programmed, and i s  

extremely accurate .  

zero landing problem f o r  a v a r i e t y  of system concepts. 

inves t iga t ion  of many methods of sensing a i r c r a f t  pos i t i on  and displaying 

information t o  t h e  p i l o t  add t o  t h e  need f o r  v e r s a t i l i t y  provided by t h e  

d i g i t a l  computer. 

These q u a l i t i e s  a r e  des i rab le  f o r  studying t h e  zero- 

I n  addi t ion ,  

The DME system measures t h e  dis tance f r o m t h e  a i r c r a f t  t o  small 

transponder u n i t s  placed on t h e  ground near t h e  runway, as shown i n  f i g -  

ure 6.  The accuracy of DME i s  increased for long ranges if  t h e  base l ine  

d is tances  between transponders a r e  kept l a rge .  

mentioned, zero-zero landing system s tudies  at Ames have shown t h a t  while 

a i r c r a f t  pos i t i on  must be known accurately at touchdown, t h i s  accuracy 

can d e t e r i o r a t e  with d is tance  from touchdown. This enables t h e  base l ine  

of t h e  ground transponders t o  b e  reduced so t h a t  t h e  transponders can be 

loca ted  near t h e  runway, thus  eliminating t h e  problem of accura te  loca-  

t i o n  a t  long base l ine  d is tances .  Preliminary ca l cu la t ions  have shown 

t h a t  t h e  transponders can be loca ted  within 250 f e e t  of t h e  runway center  

l i n e ,  and s t i l l  achieve t h e  requi red  pos i t ion  accuracy. Studies  are now 

under way t o  determine the  optimum posit ioning of these ground t r a n s -  

ponders; both t h e  ease of pJacing the  transponders and t h e  computed 

a i r c r a f t  pos i t i on  e121'Gi- are b z k g  zcnsidered. 

However, as previously 

The a c t u a l  d i s tance  from t h e  a i r c r a f t  t o  each transponder i s  measured 

by radio-frequency methods employing phase comparison techniques which 
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give a very high degree of accuracy. The e r ro r  i n  t h i s  measurement 

i s  constant regard less  of t h e  dis tance measured. The range t o  a l l  

three transponders i s  measured simultaneously and is  read  i n t o  t h e  

computer at a rate high enough t o  keep t h e  pos i t ion  e r r o r  within 

spec i f i ca t ions  -on t h e  order of 5 times per second. The s lan t - range  

da ta  t o  t h e  transponders,  along with t h e  previously s to red  ground 

transponder pos i t i on  data, i s  then used t o  compute t h e  a i r c r a f t ' s  

pos i t ion .  

Figure 7 shows t h e  radar a l t ime te r  e r ro r s  near touchdown as a 

func t ion  of t h e  d is tance  from touchdown. I n  addi t ion  t o  t h e  theo re t -  

i c a l  e r r o r s  shown i n  f i g u r e  7 ,  t h e  a l t i t u d e  e r r o r  increases  f a r t h e r  

out because of va r i a t ions  i n  l o c a l  t e r r a i n .  On the  other  hand, i f  a 

three-transponder DME configurat ion is  used t o  compute t h e  t h r e e  

dimensions of pos i t ion ,  t h e  a l t i t u d e  e r r o r  increases  as t h e  a l t i t u d e  

becomes small near touchdown because of t h e  tr igonometric na ture  of 

t h e  pos i t i on  so lu t ion  from t h e  t h ree - s t a t ion  DME Configuration. 

However, f a r t h e r  from touchdown t h i s  a l t i t u d e  e r r o r  tends t o  l e v e l  

o f f  and changes near ly  l i n e a r l y  w i t h  dis tance.  

c h a r a c t e r i s t i c s ,  it w a s  decided t o  use a th ree - s t a t ion  DME t o  a 

point  near touchdown, switch t o  a two-station IN3 mode t o  obta in  

p lan  pos i t i on ,  and use a radar  a l t ime te r  t o  obtain t h e  c r t t i c a l  a l t i -  

t.v-d-e Fnformat,ion near touchdown. T h i s  changeover i n  system mode i s  

made as t h e  e r r o r  crossover point  i s  reached. 

t ude  percentage e r r o r  i s  he ld  approximately constant and t h e  system i s  

wi th in  t h e  spec i f i ed  accuracies  from a d is tance  of 1 5  m i l e s  through 

touchdown. 

Because of t hese  

I n  t h i s  way, t h e  a l t i -  
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I n  addi t ion  t o  determining a l t i t u d e  above t h e  ground, t h e  radar  

altimeter can a l s o  obtain t h e  th ree  orthogonal components of a i r c r a f t  

ve loc i ty  using a Doppler measuring technique. 

servo system used i n  conjunction with t h e  Doppler system it is  pos- 

s i b l e  t o  determine t h e  a i r c r a f t  ground speed and dr i f t  angles .  

information i s  usefu l  t o  t h e  p i l o t  i n  decrab and final touchdown 

maneuvers. 

Through an antenna 

This 

The Doppler navigation capabi l i ty  of t h e  radar a l t imeter  enables 

t h e  computer t o  in t eg ra t e  the  ground ve loc i ty  t o  determine t h e  d i s -  

tance t h e  a i r c r a f t  has moved over t h e  ground. If i n i t i a l  conditions 

of t h e  DME are programmed i n t o  t h e  computer, t h e  ground pos i t i on  of 

t h e  a i r c r a f t  can be computed from t h e  Doppler information. T h i s  

redundant computation serves as a check on system performance during 

t h e  e n t i r e  landing maneuver. 

CONCLUSIONS 

Ames s tudies  of zero-zero landing problems have shown tha t  t h e  

p i l o t  can funct ion as an i n t e g r a l  par t  of t h e  system. These s tud ie s  

conducted i n  t h e  simulation laboratory have indicated requirements f o r  

displays f o r  zero-zero landing. Ames experience i n  simulation s tudies  

of t h e  a i r c r a f t ,  and t h e  evaluation of engineering t e s t  p i l o t  opinion 

iiave eiiabled t h e  zxtrzpslation of these  s tud ie s  i n t o  t h e  design of a 

f ly ing  laboratory t o  permit t he  study of t h e  zero-zero landing of an 

a c t u a l  a i r c r a f t .  
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An a i rborne  guidance system may of fer  a good p o t e n t i a l  f o r  use 

i n  landing under zero-zero v i s i b i l i t y  condi t ions .  The accuracy of t h e  

combination of a d i g i t a l  computer, radar a l t i m e t e r ,  and DME has g r e a t e r  

inherent accuracy i n  determining aircraft pos i t i on  than i s  requi red  f o r  

t h e  t a sk .  Although simulation s tudies  have ind ica ted  zero-zero landing 

can be achieved, t hese  r e s u l t s  are not conclusive.  Actual f l i g h t  tests 

i n  which a research  environment is  maintained are e s s e n t i a l  f o r  inves- 

t i g a t i n g  displays and systems concepts f o r  t h e  t a sk .  
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Figure 5 .  
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